
Introduction

Several studies, in human beings and in animal models, have
shown that circulating endothelial progenitor cells (EPCs) are
recruited into ischemic tissues [1, 2], where they contribute to
recovery of perfusion by differentiating into endothelial cells [3]
and producing angiogenic factors, thereby enhancing collateral
vessel formation [4]. Stromal cell derived factor-1 (SDF-1), via

phosphoinositide 3-kinase (PI3K)/AKT activation appears to play
an important role in EPC function [5, 6].

SDF-1 exerts a chemoattractive function on haematopoietic
stem cells [7] and modulates integrin receptors affinity to extracel-
lular matrix components [8–10]. Further, a prior work from our
laboratory has shown that SDF-1 induces adhesion-dependent dif-
ferentiation of bone marrow (BM)-derived c-kit� progenitors into
endothelial cells onto extracellular matrix components as well as
their recruitment from the BM in response to acute hindlimb
ischemia [11].

Patients with type 1 and 2 diabetes mellitus (DM) exhibit
impaired new blood vessel development in response to ischemia
[12, 13], including cardiac and limb ischemia and skin ulcers 
[14, 15], and it has been suggested that EPCs defects may
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contribute to diabetic vascular complications. In these patients,
mobilization and proliferation of circulating EPCs [12, 16–18] 
is impaired. Further, in animal models of streptozotocin (STZ)-
induced, type 1-like diabetes [19], and type 2-like diabetes due to
obesity [20] EPC transplantation following acute hindlimb
ischemia fails to induce neovascularization. The role of SDF-1 in
diabetic vascular disease is still poorly characterized. It has been
shown that CD34� cells from diabetic patients exhibit a marked
decrease in SDF-1-induced migration [21]. In addition, in normo-
glycaemic rats SDF-1 plasma levels increase following acute
hindlimb ischemia/reperfusion and this response is abolished in
diabetic rats [22], whereas in diabetic mice SDF-1 expression in
skin ulcers is lower than in normoglycaemic controls [23]. In con-
trast, it has been found a marked increase in SDF-1 mRNA in the
mesentery of STZ-treated diabetic rats [24].

In the present study, we used a mouse model of STZ-induced
DM to analyse the time course of c-kit� cell mobilization after
hindlimb ischemia as well as SDF-1 expression in the plasma and
in the skeletal muscle. Further, we studied the effect of DM and
hyperglycaemia on SDF-1-ability to induce BM-derived c-kit� cell
differentiation into endothelial cells and of DM to induce AKT
phosphorylation in vitro.

Materials and methods

Animal models

Diabetes mellitus (DM) was induced in 2-month-old Swiss CD1 male mice
injected intraperitoneally with 40 mg/kg STZ (Sigma-Aldrich, St. Luis, MO,
USA) in 0.05 M Na citrate (pH 4.5) daily for 5 days, as previously described
[25]. Control mice were exposed to an identical protocol, in the absence of
STZ treatment. Detection of glycaemic levels was performed as described
in online Supporting Information. At 1 month following STZ treatment,
hyperglycaemic mice (�200 mg/dl) were used for in vitro and in vivo
experiments. In some experiments, mice underwent femoral artery dissec-
tion under general anaesthesia to induce hindlimb ischemia [25]. Sham
operated animals underwent the same treatment of ischemic mice without
femoral artery dissection and were used as controls. Limb perfusion index
was determined by laser Doppler perfusion imaging before and at different
time-points (1, 3, 7, 14, 21, 28 days) before and after femoral artery dis-
section [26]. For this analysis the limbs were shaved and the perfusion
index was defined as the ratio between the perfusion of ischemic and con-
trolateral paw.

Cell isolation and culture methods

BM c-kit� cells were isolated from control and DM mice by magnetic cell
sorting (MINI-MACS; Miltenyi Biotech, Bergisch, Gladbach, Germany), as
previously described [11].

Differentiation assays were performed in glass chamber slides
(Nalgene, Rochester, NY, USA) coated with 20 �g/ml fibronectin (FN) in
RPMI medium (Invitrogen, Eugene, OR, USA) containing 5 mM glucose,

supplemented with 5% foetal calf serum (FCS; Sigma-Aldrich) either 
in the presence or the absence of 100 ng/ml SDF-1 (R&D System,
Minneapolis, MN, USA) or SDF-1 inactivated by boiling (SDF-1 B), at the
same concentration. After 1 week cells were identified by Ac-LDL-DiI
uptake and counted as described [11]. For immunostaining, cells were
fixed with 4% paraformaldehyde in PBS. In some differentiation assays
of BM-derived c-kit� cells from normoglycaemic mice, 10 �M LY294022
(LY) (Sigma-Aldrich), a selective inhibitor of PI3K activity, was added 
to the medium, for 1 week, either in the presence or in the absence of
100 ng/ml SDF-1.

In some experiments, the effect of high glucose on SDF-1-induced c-
kit� cell differentiation towards the endothelial lineage was examined. In
these studies, c-kit� cells were expanded for 1 week in Stem Span serum
free medium (Stem Cell Technologies, Vancouver, Canada) containing the
following recombinant human cytokines: 100 ng/ml SCF, 20 ng/ml IL-3,
20 ng/ml IL-6, 100 ng/ml Flt-3 ligand (R&D Systems) [27]. Since stem
span medium contains 25 mM glucose, hyperglycaemia was achieved by
adding glucose to achieve a final concentration of 50 mM whereas the
control medium was supplemented with 25 mM mannitol to achieve a
similar osmolality and the final glucose concentration was 25 mM. After
1 week, cell expansion the differentiation assay was performed for one
additional week in RPMI medium as described above. It is noteworthy
that the RPMI medium contains 5 mM glucose; therefore, hypergly-
caemia was achieved by supplementing this medium with glucose to
achieve a final glucose concentration of 30 mM whereas the control
medium was supplemented with 25 mM mannitol to achieve the 
same osmolality and keep the glucose concentration at 5 mM. SDF-1
(100 ng/ml) was either present or absent throughout the 2 weeks dura-
tion of this experiment.

Immunofluorescence, clonogenic and chemotaxis assays are described
in Supporting Information material.

Flow cytometry

C-kit, CXCR4, Sca-1, CD34, KDR and �4 integrin receptor VLA-4 expres-
sion were evaluated by flow cytometry. Freshly isolated c-kit� cells from
normoglycaemic and DM mice were incubated in PBS containing 0.5%
FCS for 20 min. on ice with fluorochrome-conjugated monoclonal anti-
bodies recognizing murine c-kit (clone 2B8), CD34 (clone RAM34), (BD
Biosciences Pharmingen, San Diego, CA, USA), Flk-1/KDR(VEGFR2)
(clone 89106, R&D System), Sca-1 (clone E13–161.7), CXCR4 (clone
2B11), �4 integrin (clone R1–2) (BD Biosciences Pharmingen) at 0.8–
2 mg/ml and antigen-presenting cell conjugated lineage antibody cocktail
(BD Biosciences Pharmingen). BM-mononuclear cells (BM-MNCs), BM-
derived c-kit� cells and peripheral blood (PB)-mononuclear cells (PB-
MNCs) were analysed by FACScalibur Fluorescence-Activated Cell Sorter
(BD Biosciences Pharmingen); 1 � 104 and 5 � 104 gated events were
acquired, respectively. FACS analysis of AKT phosphorylation (pAKT)
was performed as follows: total BM cells were incubated overnight (37�C;
5% CO2 atmosphere) in starvation medium (IMDM: Sigma-Aldrich).
Subsequently, cells were washed in PBS containing 0.5% bovine serum
albumin (BSA) and incubated with FITC-coniugated anti-murine c-kit
antibody for 20 min. at 21�C. SDF-1 (100 ng/ml) was added to induce
AKT phosphorylation. Cells were incubated for additional 10 min. at
37�C, thereafter cells were fixed with PBS containing 2% paraformalde-
hyde for 10 min. at 21�C. Cells were then permeabilized with 100 �l PBS
containing 0.5% BSA and 0.5% saponin and incubated for 5 min. at 21�C.
Finally, 20 �l of PE-conjugated anti-phospho AKT (clone J1–223.371,
threonine 308, BD Biosciences Pharmingen) antibody were added. For

© 2009 The Authors
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additional details concerning flow cytometry analysis see online
Supporting Information.

Western blot analysis

BM-MNCs from normoglycaemic and DM mice were separated by Ficoll
gradient and incubated with SDF-1 (100 ng/ml) at 37�C for 1, 5 and 
10 min. in serum-free RPMI. Western blotting was performed following
standard procedures using 1 : 1000 dilution of a primary anti-phospho-
AKT antibody (cod. 9271S, serine 473, Cell Signalling Technology,
Danvers, MA, USA) for 2 hrs at room temperature or overnight at 4�C
followed by secondary antibody incubation and ECL, followed by autora-
diography.

Statistical analysis

Statistical analysis was performed on at least three independent observa-
tions in each experimental group and the results were analysed either by
Student’s t-test, 1-way or 2-way ANOVA according to the experimental
design. If the overall anova P-value was significant, pairwise comparisons
were performed by Student–Newman–Keuls (NK) or Bonferroni post hoc
tests. The GraphPad Prism software (version 5.00 for Windows, GraphPad
Software, San Diego, CA, USA, www.graphpad.com) was used for com-
puter analysis. The results are expressed as mean � S.E.M. The threshold
for statistical significance was set as P-value less than 0.05.

Results

Effect of DM on recovery of perfusion, circulating
c-kit� cell number and SDF-1 levels in hindlimb
ischemia

Initial experiments were aimed at establishing whether there was
a difference in blood flow recovery following acute hindlimb
ischemia in normoglycaemic versus DM mice. In agreement with
prior studies [19, 28–30], it was found that recovery of perfusion
index in the ischemic limb was delayed in DM. The rescue of
hindlimb perfusion in normoglycaemic animals started at day 14
after surgery and became significantly higher than in DM mice at
later time-points, i.e. 21 and 28 days after femoral artery dissec-
tion (Fig. 1A and B, Fig. S1A). To unravel whether BM stem cell
mobilization differed between DM and normoglycaemic mice, c-
kit� cells in the systemic circulation and in the BM were quantified
by flow cytometry analysis. Prior to ischemia, c-kit� cells in the
systemic circulation represented 0.55 � 0.09% of total PB-MNCs
in control (n 	 12) and 0.20 � 0.07% in DM (n 	 11) mice (P 


0.05). Moreover, after surgery the transient increase in PB-c-kit�

cells was more sustained in normoglycaemic than in DM mice
(Fig. 1C). In contrast, c-kit� cell number in the BM was similar in
control and DM mice both under baseline conditions and at differ-
ent times after acute ischemia (not shown). Neither normogly-

caemic nor DM sham-operated animals showed evidence of c-kit�

cell mobilization (Fig. S2). Interestingly, we found no difference
between control and DM mice in SDF-1 plasma and skeletal mus-
cle protein levels although, as shown in Fig. S3, they were both
elevated after induction of ischemia. Thus, DM mice had fewer cir-
culating c-kit� cells under baseline conditions and exhibited an
increase of these cells in the bloodstream following the induction
of acute and severe hindlimb ischemia. In addition, the return of
c-kit� cells to basal levels was faster in DM than in control ani-
mals. These differences could not be attributed to different SDF-1
levels either in the muscle or in the systemic circulation between
normoglycaemic and DM mice. It has been suggested that both
CD34 and Flk-1/KDR (VEGFR2) antigens, as well as c-kit, may
characterize EPC populations [31]. We therefore determined the
expression of these markers in BM-derived c-kit� cells from nor-
mal mice and found c-kit� cell subfractions coexpressing either
CD34 or KDR (Fig. 2A, Fig. S1B). We evaluated DM effect on BM
and PB CD34�, Flk-1�/KDR�(VEGFR2�) and CD34�/KDR�

mononuclear cell number; both in the BM and PB of DM mice
there was a trend towards fewer CD34�, KDR� and CD34�/KDR�

cells than in control animals; however, a statistical difference was
found only in the case of PB KDR� cells (Fig. 2B and C). Previous
studies have described two EPCs types, namely CFU-ECs (early
EPCs) and ECFCs (late EPCs). CFU-EC and ECFCs express stem
cell markers such as CD34 and (in human beings) CD133.
However, CFU-ECs can be distinguished from ECFCs on the basis
of haematopoietic lineage markers expression such as CD45 [32,
33]. Therefore, to discriminate between CFU-EC and ECFC pheno-
types, the expression of haematopoietic lineage markers (CD3ε,
CD11b, CD45R/B220, Ly76 and Gr-1 markers) in circulating
KDR� and c-kit� cells was investigated by flow cytometry. The
results showed that, in normal mice, the percentage of c-kit�/lin�

and c-kit�/lin� cells was, respectively, 0.035 � 0.034 and 0.87 �
0.45 and that the percentage of KDR�/lin� and KDR�/Lin� cells
was, respectively 0.037 � 0.031 and 0.71 � 0.21 (mean � S.E., 
n 	 4; Fig. S4). In DM mice, it was not possible to determine the
number of KDR�/lin�, KDR�/lin�, c-kit�/lin� and c-kit�/lin� cells
as this value was below detection limits, at least under our experi-
mental conditions (not shown). We conclude that circulating KDR�

and c-kit� cells have a phenotype resembling CFU-EC EPC type,
and that DM reduces the number of these circulating progenitors.

Effects of DM on c-kit� cell differentiation

Diabetes has been reported to inhibit human EPCs differentiation
[12, 17] and defects in CXCR4 signalling are known to jeopardize
EPCs’ angiogenic properties [34, 35]. Therefore, we examined the
effect of diabetes on SDF-1-directed EPC differentiation into
endothelial cells, and tested whether culture in hyperglycaemia
mimics DM effects on c-kit� cell differentiation. We have previ-
ously described that SDF-1 enhances mouse BM c-kit� cells
endothelial differentiation through increased stem cell adhesion to
FN and collagen I [11]. Under our experimental conditions the
majority (�95%) of adherent cells differentiated and expressed

© 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
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factor VIII (vWF), KDR, CD31 and were also positive for acetylated
LDL-DiI uptake [11] (Fig. S5). Therefore, an increase in differenti-
ation was indicated by a higher number of cells adherent to the
FN-coated glass chamber slide and not by an increase in the num-
ber of cells positive for endothelial cell markers. It was then quan-
titatively examined the adherence/differentiation of c-kit� cells
into endothelial cells as determined by acetylated LDL-DiI uptake
[36]. In the absence of exogenous SDF-1, the basal level of
endothelial adhesion/differentiation was similar in c-kit� cells iso-
lated from both experimental groups. In contrast, upon exposure
to SDF-1 adhesion/differentiation was significantly higher in 
c-kit� cells from normal than from DM mice. Moreover, stimula-

tion by inactivated SDF-1 (SDF-1 B) failed to induce adhesion/ 
differentiation of cells isolated both from normoglycaemic and 
DM mice (Fig. 3A).

A modified differentiation potential of c-kit� cells may reflect a
modulation of their haematopoietic stem cell properties due to DM.
However, flow cytometry analysis showed that CXCR4, Sca-1, VLA-
4 and CD34 marker expression was similar in sorted c-kit� cells
from normoglycaemic and DM mice (Fig. S6A–C). Furthermore,
there were no differences in haematopoietic clonogenicity (Fig. S7A)
of c-kit� cells from control and DM mice. In agreement with prior
studies SDF-1 markedly enhanced c-kit� cell migration in a modi-
fied Boyden chamber assay; however, there were no differences in

© 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 1 Diabetes impairs blood flow recovery in response to hindlimb ischemia and c-kit� cell number in the systemic circulation. (A) Laser Doppler per-
fusion imaging of normoglycaemic and DM mice before and at 14 and 21 days following acute hindlimb ischemia. Perfusion index was calculated by
normalizing the colour intensity of the ischemic versus non ischemic limb in the same animal. Arrows indicate the ischemic limb. Note the impaired
perfusion recovery in DM. (B) Average perfusion index evaluated by laser Doppler perfusion imaging and expressed as the ratio between ischemic and
non-ischemic paw in normoglycaemic (black bars; n 	 3–7) and DM (open bars; n 	 3–12) mice. The response profile was significantly different
between normal and DM mice (ANOVA P 
 0.01). Post hoc analysis for pairwise comparisons between DM and control animals demonstrated signifi-
cant differences in perfusion index at day 21 (P 
 0.05) and day 28 (P 
 0.05). Student’s t-test showed significant differences at 14, 21 and 28 days
after ischemia (P 
 0.05) (C) C-kit� cells in the systemic circulation expressed as% of PB-MNCs. Prior to femoral artery dissection there were more
c-kit� cells in normoglycaemic (black bars; n 	 12) than in DM (open bars; n 	 11) mice (Student’s t-test; P 
 0.05). Moreover, after acute ischemia
the transient increase in c-kit� cells was more pronounced and sustained in normoglycaemic (n 	 8–14 at each time-point) than in DM (n 	 8–14 at
each time-point) mice (ANOVA P 
 0.01); post hoc analysis for pairwise comparisons demonstrated a significant difference at day 7 (P 
 0.05). PB c-
kit� cells were expressed as percentage of 5 � 104 PB-MNCs as evaluated by flow cytometry. Prior to femoral artery dissection total PB-MNCs num-
ber was 2.85 � 106

� 1.27 � 106 in normoglycaemic (n 	 4) and 2.81 � 106
� 0.59 � 106 in DM (n 	 4) mice (P 	 n.s.); at different time-points

after ischemia there continued to be no difference in PB-MNCs number between normoglycaemic and DM mice.
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the migratory response of c-kit� cells from normoglycaemic and
DM mice (Fig. S7B). Finally, culturing c-kit� cells for 1 week in high
glucose did not modify the percentage of c-kit�, c-kit�/CD34� and
c-kit�/KDR� cells compared to normal culture or culture in the
presence of the iso-osmotic control (Fig. S7C).

In additional experiments, we examined whether the impair-
ment in SDF-1-induced c-kit� cell differentiation into endothelial
cells was reversible upon cell culture in normal glucose. 
BM-derived c-kit� cells were obtained from control and DM mice
and expanded in normoglycaemic liquid culture for 1 week.
Thereafter, differentiation assays were performed and we found no
difference between normal and DM mice in c-kit� cells ability to
differentiate in response to SDF-1 (Fig. 3B). This result indicates
that DM ability to impair SDF-1-induced c-kit� cell differentiation
into endothelial cells is reversible. It is noteworthy that c-kit� cells
from both control and DM mice cultured for 1 week in high glu-
cose exhibited impaired SDF-1-induced c-kit� cell differentiation
into endothelial cells (Fig. 3C).

PI3K/AKT pathway is involved in human EPCs differentiation
[5] and represents an intracellular signalling cascade activated by
SDF-1 in haematopoietic progenitors [37, 38]. Thus, we tested
whether, under our experimental conditions, PI3K/AKT pathway
activity was linked to SDF-1-induced endothelial differentiation.
BM-derived c-kit� cells from normoglycaemic mice were cultured
for 1 week either in the presence of SDF-1, the selective PI3K
inhibitor LY294002 (LY) or both SDF-1 and LY. Interestingly, LY
abolished SDF-1-mediated c-kit� cell adhesion/differentiation into
Ac-LDL-DiI� endothelial cells (Fig. 4A). In additional experiments,
we examined SDF-1 ability to induce PI3K/AKT phosphorylation in
BM-derived mononuclear cells. In cells obtained from normogly-
caemic mice AKT phosphorylation increased as early as 1 min.
upon SDF-1 treatment and remained elevated up to 10 min. there-
after (Fig. 4B, left panel and Fig. 4C). In contrast, SDF-1 failed to
induce AKT phosphorylation in BM-derived mononuclear cells
from DM mice (Fig. 4B, right panel and Fig. 4C). It is noteworthy
that these experiments could not be performed on c-kit� cells
alone and the whole mononuclear cell fraction was used in order
to have enough material for Western blot analysis. In order to
clearly establish whether AKT phosphorylation was modulated in
c-kit� cells, BM-derived mononuclear cells were obtained from
normal and DM mice and flow cytometry analysis was performed
by double staining cells for c-kit and pAKT. The number of 
c-kit�/pAKT� cells was evaluated before and after 10 min. exposure
to SDF-1. It was found that SDF-1-induced AKT phosphorylation
of c-kit� cells was significantly impaired in DM compared to normal
mice (Fig. 4D and E). Altogether, the results of these experiments
show that SDF-1-mediated c-kit� cells differentiation into
endothelial cells involves the PI3K/AKT pathway and that DM
strongly reduces SDF-1-induced AKT activation as well as differ-
entiation towards the endothelial phenotype.

Discussion

Ischemia causes transient mobilization of BM-derived EPCs into the
systemic circulation and homing in the ischemic tissue where these
cells play a role in angiogenesis both by differentiating into endothe-
lial cells[3] and by producing angiogenic cytokines that stimulate
pre-existing endothelial cells to proliferate and differentiate [4, 39].

© 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 2 CD34� and KDR� cells in the bone marrow and peripheral blood
of control and diabetic mice. (A) Percentages of BM-derived c-kit�, 
c-kit�/CD34� and c-kit�/KDR� cells purified for c-kit antigen by MACS
(n 	 3). (B) Histogram showing percentage of CD34�, KDR� and
CD34�/KDR� in the BM of control (black bars; n 	 9) and DM (open
bars; n 	 11) mice. (C) Histogram showing percentage of CD34�, KDR�

and CD34�/KDR� in the PB of control (black bars; n 	 10) and DM
(open bars; n 	 9) mice. Result of statistical analysis by ANOVA and post
hoc test is indicated by P-value above bars.
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Both SDF-1 and VEGF have been involved in BM-derived EPC mobi-
lization, homing in the ischemic tissue and differentiation into
endothelial cells. In diabetic patients, as well as in animal models of
DM, the angiogenic response to ischemia is inhibited; further, in
human beings it has been shown that DM lowers the number [12]
of circulating EPCs and their ability to form endothelial colonies in
vitro [17, 40]. This phenomenon, at least in part, may be due to
enhancement of oxidative stress related to hyperglycaemia [41]. In
the present work, we used a mouse model of hindlimb ischemia to
examine whether DM impairs SDF-1 effects on EPCs.

Initially, it was confirmed that DM inhibits blood flow recovery in
the ischemic limb following femoral artery dissection and we found
that c-kit� cell number in the systemic circulation was lower in DM
than in normoglycaemic mice both under control conditions and at
different time-points following acute hindlimb ischemia.
Interestingly, c-kit� cell number in the BM was similar in control and
DM mice. In order to establish whether in DM mice SDF-1/CXCR4
axis was impaired several end-points were evaluated: (i) CXCR4
expression in BM-derived c-kit� cells, (ii ) SDF-1 plasma levels, (iii )
SDF-1 protein levels in the adductor skeletal muscle and (iv) c-kit�

cell response to SDF-1. DM had no effect on BM-derived c-kit� cell
expression of the SDF-1 receptor CXCR4. Further, SDF-1 levels in the
plasma and in the adductor skeletal muscle of the ischemic limb
were similar between control and DM mice prior to and at different
times after femoral artery dissection. These results suggest that
under our experimental conditions the lower c-kit� cell number in
the systemic circulation as well as the inhibited recovery of blood
flow in the ischemic limb of DM mice could not be attributed to lower
SDF-1 systemic or tissue levels and/or to lower CXCR4 expression
on c-kit� cells. It is noteworthy that a prior work in a rat model of
hindlimb ischemia/reperfusion showed that DM inhibits SDF-1 tran-
sient increase in plasma SDF-1 [22]. This discrepancy with the pres-
ent study may be due to the difference in species and ischemic injury,
i.e. permanent ischemia versus ischemia/reperfusion.

In additional experiments, it was evaluated the effect of DM on
SDF-1-induced c-kit� cells clonogenic ability on methylcellulose,
migration and differentiation into endothelial cells. DM had no effect
on CFUs’ number both in the absence and presence of SDF-1, nor did
it modulated SDF-1-directed c-kit� cell migration. The latter result is
in contradiction with findings reporting that hyperglycaemia impairs
human EPCs migration [42]; experimental conditions, species and

© 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 3 DM reduces BM-derived c-kit� cell adhesion/differentiation into endothelial cell. BM-derived c-kit� cell adhesion/differentiation into endothelial lin-
eage was determined by Ac-LDL-DiI uptake. (A) SDF-1 enhanced c-kit� cells adhesion/differentiation into endothelium when cells were obtained from
normoglycaemic mice (black bars; n 	 7, Student’s t-test P 
 0.05) but had no effect when cells were obtained from DM mice (open bars; n 	 7,
Student’s t-test, P 	 n.s.). Inactive SDF-1 (SDF-1 B) failed to induce cell adhesion/differentiation in both experimental groups. The response to SDF-1 dif-
fered between normoglycaemic- and DM-derived cells (P-value for ANOVA and post hoc test is shown in the figure above the bar graph). (B) C-kit� cells
from DM mice (open bars), expanded for 1 week in stem span medium supplemented with IL-3, IL-6, Flt3-L and SCF, and subsequently kept in differen-
tiation medium for another week, augmented their adhesion/differentiation into endothelial cells in the presence of SDF-1 (n 	 8, Student’s t-test P 


0.05). A similar response to SDF-1 was observed in c-kit� cells from normoglycaemic mice (black bars) (n 	 8, Student’s t-test P 
 0.05). Interestingly,
under these experimental conditions, the response to SDF-1 was similar between the two experimental groups (P-value [n.s.] for ANOVA and post hoc test
is shown). (C) C-kit� cells from control (black bars; n 	 4) and DM mice (open bars; n 	 4) were expanded for 1 week in hyperglycaemic medium and
then shifted to hyperglycaemic differentiation medium for another week (see ‘Materials and methods’). C-kit� cells from normoglycaemic mice exposed
to hyperglycaemia failed to enhance adhesion/differentiation towards the endothelial lineage in response to 100 ng/ml SDF-1 and this effect was compa-
rable to that of cells from DM mice.
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Fig. 4 Diabetes impairs SDF-1-induced c-kit� cell adhesion/differentiation into endothelium and AKT phosphorylation. (A) BM-derived c-kit� cells were
obtained from normoglycaemic mice and cultured in RPMI containing 5 mM glucose for 7 days. SDF-1 enhanced Ac-LDL-DiI� cell number and this
effect was abolished by the PI3K/AKT inhibitor LY294002 (n 	 3 for each group). This effect was comparable to that of DM shown in Fig. 3A. Statistical
significance was evaluated by ANOVA and post hoc analysis; P-values are reported above the bar graph. (B, C) Western blot analysis shows that SDF-1
enhanced AKT phosphorylation in BM-derived mononuclear cells obtained from normoglycaemic mice (black bars in C); this effect was already evident
at 1 min. and remained elevated up to 10 min. after the exposure to the chemokine (Student’s t-test P 
 0.05). In contrast, SDF-1 had no effect on AKT
phosphorylation in BM-derived mononuclear cells obtained from DM mice (open bars in C). Significance was evaluated also by ANOVA and post hoc
analysis; n 	 4 for each group, P-values are reported above the bar graph. (D, E) SDF-1 effect on AKT phosphorylation in c-kit� cells from normal and
DM mice. (D) shows representative flow cytometry plots of pAKT levels in c-kit� cells. SDF-1 enhanced c-kit�/pAKT� cell fraction in the control pop-
ulation (normal); in contrast it had no effect on cells obtained from DM mice (diabetes). Average results are shown in (E). SDF-1 increased c-kit�/pAKT�

cell percentage in total BM cells from normal mice after 10 min. of exposure to the chemokine (n 	 3, Student’s t-test P 
 0.05). In contrast, AKT phos-
phorylation was impaired in c-kit� cells from DM mice (n 	 3, Student’s t-test, P 	 n.s.). The response to SDF-1 differed between the two experimen-
tal groups (ANOVA, P 
 0.001; post hoc P-value is indicated above the bar graph).
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cell type differences may account for the discrepancy. In contrast
with these negative results, it was found that DM inhibited SDF-1
ability to induce c-kit� cell adhesion/differentiation into endothelium.

Recent studies have shown that PI3K/AKT plays a key role in
EPC response to ischemia [6] and that DM impairs some EPCs
functions [22, 43]. Similar results have been obtained with EPCs
obtained from non-diabetic patients cultured in high glucose con-
ditions [42, 44]. Since SDF-1 binds its receptor CXCR4 and via
this mechanism activates PI3K-dependent signalling [37, 45, 46]
leading to AKT phosphorylation [47, 48] it was examined whether
SDF-1 ability to induce c-kit� cell differentiation towards the
endothelial lineage was related to AKT and, eventually, whether
SDF-1-induced AKT phosphorylation was inhibited in DM. It was
found that LY294022, a selective PI3K inhibitor, abolished SDF-1
ability to induce c-kit� cell adhesion/differentiation into endothe-
lial cell and that DM abrogated SDF-1 induced AKT-phosphoryla-
tion in this cell type. Therefore, inhibition of SDF-1 signalling
appears to be a key mechanism for the impairment of SDF-1-
induced c-kit� cell differentiation into endothelial cells, their mobi-
lization into the systemic circulation found in DM and, analogous
to pancreatic �-Cell [49], EPC survival.

Glucotoxicity was likely the cause of this defect, as cells from DM
mice expanded under normoglycaemic conditions recovered the
ability to respond to SDF-1 and their response was similar to that of
cells from control mice. Furthermore, c-kit� cells from control mice
kept in hyperglycaemia failed to respond to SDF-1 and their behav-
iour was similar to that of cells from DM mice. Our results are in line
with reports by other groups that identified the PI3K-AKT axis as one
of the most affected intracellular pathways in DM [50]. Possible
mechanisms underlying the observed reduction of SDF-1-elicited
AKT phosphorylation include the hyperglycaemia-associated up-reg-
ulation of PTEN phosphatase in c-kit� cells as a consequence of
intracellular reactive nitrogen species accumulation [51], and possi-
ble changes in c-kit� cell stem differentiation caused by enhanced
oxidative stress [52] and/or enhanced activity of FOXO transcription
factors, as a result of diminished PI3K/AKT activity in DM [53, 54].

In summary, the present study did not identify differences
between DM and control mice in SDF-1 plasma and skeletal muscle
levels, neither in normoperfused nor in ischemic mice. Further, DM
had no effect on CXCR4, Sca-1, VLA-4 and CD34 expression on 
c-kit� cells, on CFUs number both in the absence and presence of
SDF-1, nor it modulated SDF-1-directed c-kit� cell migration. In 
contrast, DM inhibited SDF-1-induced c-kit� cell differentiation into
endothelial cell as well as AKT phosphorylation. The role of BM-
derived c-kit� cells in revascularization after hindlimb ischemia has
been previously established [6, 11, 22] and EPCs appear to con-

tribute significantly to the angiogenic response to ischemia [1]; how-
ever, EPC function is inhibited in DM [17, 44]. The findings of the
present study identify a mechanism for EPC functional impairment in
DM and suggest that decreased SDF-1-induced c-kit� cell differenti-
ation into endothelial cells and AKT phosphorylation may play a role
in the inhibition of the angiogenic response to ischemia in DM.
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